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Non-local quantum superpositions of
topological defects
Jacek Dziarmaga1,2, Wojciech H. Zurek1* and Michael Zwolak1,3
Topological defects, such as monopoles, vortex lines or
domain walls, mark locations where disparate choices of a
broken-symmetry vacuum elsewhere in the system lead to
irreconcilable differences1,2. They are energetically costly (the
energydensityintheircorereachesthatofthepriorsymmetric
vacuum) but topologically stable (the whole manifold would
have to be rearranged to get rid of the defect). Here we show
how, in a paradigmatic model of a quantum phase transition,
a topological defect can be put in a non-local superposition,
so that—in a region large compared with the size of its
core—the order parameter of the system is ’undecided’ by
being in a quantum superposition of conﬂicting choices of the
broken symmetry. We dub such a topological Schrödinger-cat
state a ‘Schrödinger kink’, and devise a version of a double-
slit experiment suitable for topological defects to describe
one possible manifestation of the phenomenon. Coherence
detectable in such experiments will be suppressed as a
consequence of interaction with the environment. We analyse
the environment-induced decoherence and discuss its role in
symmetry breaking.
Topological defects are the epitome of locality. An example of
a defect occurs in the quantum Ising model where a lattice of
spins interact ferromagnetically with their nearest neighbours, that
is, the Hamiltonian contains an interaction of the form  z
n z
nC1
for the nth spin on the lattice. The entire collection of spins
achieves its lowest energy when they are all aligned. However,
there are two choices for this lowest energy state, j """" i
or j####i. Both are energetically identical but each of them
breaks the symmetry of the Hamiltonian, which has no preference
between `up' and `down'.
A configuration that includes topological defects could arise, for
example,inadrivenphasetransition,thatis,`aquench'.IntheIsing
model, a quench can be induced when the transverse field strength
g is changed in the Hamiltonian
H D 
X
n
 
g
x
n C
z
n
z
nC1

(1)
When the external field is strong enough (g1), it `wins' and all
spins align with  x. A decrease in g, however, will lead to a phase
transitionatgD1withthesymmetrybreakingterm z
n z
nC1 trying
toalignallthespinsintheir z direction.
The choice of whether the spins will point up or down is made
locally. As a result of causality and the finite speed at which signals
propagate, the size of these domains will be determined by the
rate of change of g (refs 38). This will lead to configurations,
such as j ""## i, where the topological defect marks the
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location of a `switch' from one broken-symmetry ground state to
the other. In this one-dimensional example, the defect is a kink (a
domainwall),but,inasense,allthetopologicaldefects(monopoles,
vortex lines, and so on) that exist in higher dimensions `look the
same'. A discussion of the consequences of this process for the
post-transition state is beyond the scope of this work (but see,
for example, refs 911). We only note that the density of the
resulting kinks will be finite.
The quantum Ising model quenches a state according to
Hamiltonian (1) so, when g is changed in time, superpositions
of different locations of a kink (for example, j""####iC
j """### iCj """"## i) are allowed, and, indeed,
inevitable10,11. Spreading of a localized kink will come about as a
consequenceofthekineticterm,g x
n,inequation(1).Aconvenient
setting to investigate its effect is offered by a slight modification
of the original Hamiltonian, so that the Ising interaction between
a selected pair of sites, n0;n0C1, is  (1 w)z
n0 z
n0C1 with w > 0,
which differs somewhat from the uniform coupling of  z
n z
nC1.
This difference means that the kink is energetically less expensive
whenlocalizedbetweenthosetwoselectedsites.Thedecreaseinthe
couplingconstantbyw createsalocal`potentialwell'thatbindsthis
kink. On the other hand, the kinetic term will delocalize the kink so
thatthequantumwavefunctionofthekinkwillhavetheform
 n /e
 0jn n0j (2)
where  n is the amplitude for the kink to be on the link n
between sites n and n C 1, n0 is the location of the potential
well, and 0 D sinh
 1(w=g) is the inverse decay length of the
wavepacket. One can imagine measurements that will reveal such a
non-localwavepacketakinkinasuperpositionofmanylocations.
We emphasize that the half-width of this wavepacket is not the
size of the kink: the kink is a local object with a size given
by the healing length thatin the quantum Ising model far
away from the critical pointis given by the lattice spacing of
the neighbouring spins. The spread in equation (2) represents a
superposition of many possible locations of the kink, which is
boundtotheweaklinkbetweensitesn0 andn0C1,butnevertheless
has some spatial extent.
A tell-tale signature of quantum coherence is an interference
pattern. To see whether a defect can interfere with itself, we devise
an analogue of the double-slit experiment (Fig. 1). To this end,
the local value of the Ising coupling can be depressed by w at two
locationsseparatedbyLsites.Thetwolinksthatbindthesamekink
initially are analogues of the slits in the double-slit experiment. To
achieve a situation where the kink is `both here and there', one can
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Figure 1jA Schrödinger kink in a quantum Ising chain. a, A topological
defect in a non-local superposition. A double-well potential is used to
create a superposition of a topological defect, such as a Schrödinger kink
described by a wavefunction representing a superposition of two locations
(here we plot the corresponding probability distribution in space). The
analogy with the humane version of the Schrödinger cat experiment is
obvious. b, The analogue double-slit experiment. To carry out the
double-slit experiment, the two potential wells are eliminated, allowing the
defect to move. In isolation, the two wavepackets emerging from the ‘slits’
interfere, creating fringes of high and low probability for the location of the
kink. However, when the system interacts with the environment, such a
superposition will decohere at a rate proportional to the distance L—the
unzipped part of the chain shown in a, which corresponds to the size of the
Schrödinger kink—resulting in a classical distribution for the defect.
start it on one of the two binding sites and evolve so that tunnelling
of the kink will result in the state
j"""
L
z }| {
#######iCj"""""""
| {z }
L
###i (3)
where we have ignored the spread of the wavepacket for simplicity.
ThisisalsoillustratedinFig. 1a,wherethesuperpositionofthekink
formsa`scar'intheorientationofthespins,`unzipping'theL-sized
region of the spin chain in Fig. 1.
This is not the only way to create a `Schrödinger kink' state.
As we shall see later, one can also start with a kink localized state
on a single `weak link'. If the kink is released symmetrically, it will
travel both left and right.
The double-slit experiment can be now conducted starting
from this initial configuration by eliminating the two weak links.
The kink is then no longer bound by the `double-well' potential:
the Schrödinger kink propagates in accord with the Schrödinger
equation and the two components of the wavepacket run into each
other. If coherence is properly preserved between them, this will
lead to an interference pattern.
Preservingphasecoherenceiscrucialiftheresultinginterference
pattern is to be seen in experiments. Trivial reasons for loss of
coherencesuch as an imprecise implementation of the two weak
linkswillhavetobeeliminated.However,thefundamentalreason
for the loss of coherence is environment-induced decoherence1217.
It is important to understand its causes and its nature, as it is
not just an impediment to creating the superpositions described
above, but the prevailing reason why the topological defects we
encounter are always localized.
Decoherence is caused by the interaction of individual spins
with the environment E. The pointer states18,19 entangle least
with the environment. They are selected with the help of the
interaction Hamiltonian. For instance, an individual spin j"i
can leave a different imprint on E than the spin j#i, that is,
(j"i C j#i)jE0i ! j"ijE"i C j#ijE#i. The overlap hE"jE#i
determines the decoherence factor, with hE"jE#iD0 corresponding
to the complete loss of coherence. The decoherence factor controls
the size of the off-diagonal terms in the density matrix. When they
disappear,quantumcoherencebetweenj"iandj#iislost1214,16.
Returning to our Schrödinger kink, we note that when two
locations are separated by L spins, equation (3), the decoherence
process will take place simultaneously in all L spins. Assuming
that each spin leaves its own imprint will lead to a decoherence
factor that scales as hE"jE#iL, where L is the number of unzipped
spinsthe spatial extent of the superposition of the `Schrödinger
kink'. This exponential scaling with the extent of the superposition
is intuitively obvious: we do not have to assume any specific
model for the decoherence. All that is needed is the familiar
assumption (see, for example, modelling of errors in quantum
error correction17) that individual spins (or local regions) affect the
environment individually.
This assumption suffices to show that the decoherence rate
is proportional to the `size', L, of the superposition. That is,
decoherence time is dec  1=L. This conclusion is confirmed
by calculations employing a master equation (see Supplementary
Information). One can generalize this intuition to superpositions
of topological defects in higher dimensions by noting that it
is the volume of the systemthe size of the domain that is
suspended in indecision between two broken symmetry vacua
thatisresponsibleforthedecoherencerate.
We now return to the Ising model. In the absence of
decoherence, a well-defined interference pattern develops when
the two initial components of the wavepacket run into each
other (Fig. 2). As the distance, L, between these two components
is increased, more fringes become visible (that is, decreasing L
decreases the magnitude of the outer fringes), as seen by Fig. 2b,c.
Thisisdemonstratedexplicitlybytheformofthefringes,
pn(t)Dj n(t)j
2 /
1Ccos
.n n0 L=2/L
2gt
h
1C
.n n0 L=2/
2
.20gt/
2
i2 (4)
This interference pattern is analogous to the one observed in the
double-slit experiment. In the double-slit experiment the distance
between fringes is 
D=L, where L is the distance between the slits,

 is the wavelength of light, and D is the distance to the screen.
For kinks, the distance travelled is D D kt  2gkt D 2g(2=
)t,
where k D d!=dk  2gk is the group velocity of the kink for
slow kinks that are generated when w  1, as we assume in
deriving equation (4) (the figures use k D2gsin k, demonstrating
that this assumption is sound). This linear approximation yields
the fringe distance for kink interference 
D=L D 4gt=L, as given
in equation (4). The height of the second peak relative to the
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Figure 2jInterference patterns after a Schrödinger kink is released. a, Time evolution of the Schrödinger kink for LD50 and 2wD0:3g results in an
interference pattern (highlighted in red at the ﬁnal time). b, Interference pattern in the long time limit (gtD1,000) for LD100 and 2wD0:3g.
c, Interference pattern in the long time limit (gtD1,000) for LD50 and 2wD0:3g. In b and c, the exact data is shown as black crosses and equation (4) is
shown as the blue line. As the distance between the two ‘slits’ where the kink is trapped decreases so does the number of interference fringes.
first is 1=T1 C 42=L2 2
0 U2. In effect, the linear approximation
of k D 2gsin k entitles one to think of kinks in a double-slit
experimentasonewouldthinkof,say,electronsorneutrons.
Decoherence suppresses interference. Figure 3a shows the
evolution of the kink probability density (that determines the
probability of finding a kink at a certain location) under strong
decoherence. In the presence of decoherence it evolves into
a Gaussian form seen in Fig. 3b. Even weak decoherence will
attenuate interference. The decoherence time depends on L:
coherencedisappearsexponentiallyfastinL,theseparationbetween
components of the wavepacket. The evolution of the superposition
underweakdecoherenceisshowninFig. 3c.
The double-slit experiment for kinks we have just discussed has
the advantage of a straightforward interpretation. The use of the
coherent bi-local Schrödinger kink that is relatively weakly bound
to the two sites allows one to linearize the dispersion relation and
use k D2gk for the kink velocity. This leads in turn to the simple
formoftheinterferencepattern,equation(4).
However, this ease of interpretation may come at the price of
difficult implementation. In particular, preparing the initial bilocal
kink wavepacket and maintaining coherence between its two pieces
will be a challenge. A different version of Schrödinger kink that
should be easier to implement is therefore illustrated in Fig. 4.
Here the kink is initially bound to a specific link along the Ising
chain. This kink trap is instantaneously turned off, which results
in a coherent spreading of the wavepacket with a superposition of
velocitiesandinbothdirectionsontheIsingchain.
As before, we are not satisfied with just creating a Schrödinger
kink. One should confirm that quantum coherence is present. In
Fig. 4 this is accomplished by reflecting the spreading wavepacket
from the ends of the Ising chain. The time-evolving interference
pattern is now more complicated than before, butin the absence
of decoherenceit clearly exhibits quantum coherence that can be
predicted by suitably `folding' the kink's wavefunction upon itself.
Decoherence (as expected) suppresses interference fringes over
time: as with double-slit analogue, the decoherence strength will
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Figure 3jA Schrödinger kink evolved in the presence of decoherence. a, Time evolution for strong decoherence (0 Dg=2), LD50, and 2wD0:3g.
b, Under strong decoherence, the Schrödinger kink evolves into a Gaussian mixture of locations (highlighted in red in a) at a later time, gtD100 (the black
crosses are the exact data and the blue curve is the solution to the diffusion equation). c, Under weak decoherence (0 Dg10 3=8), the superposition is still
visible at intermediate times, but the decoherence smoothes out the fringes (the black crosses are the exact data and the blue curve is the pure state
solution convoluted with a Lorentzian).
have to decrease as 1=L, where L is the support of the wavepacket,
ifcoherenceand,hence,interferenceistosurvive.
The interference pattern in Fig. 4 bears the imprint of the
dispersion relation on a lattice, ! D  2gcosk: when released, a
tightly bound kink turns into a wavepacket that propagates as a
Bessel function, pn(t) D jJn(2gt)j2. Our kinks of both Fig. 4 and
especially of Fig. 2 are relatively weakly bound. Therefore, the
Bessel oscillation is suppressedsmoothed out by the non-local
nature of the wavepacket that eliminates large k contributions (see
Supplementary Information). Nevertheless, small-scale jaggedness
of the interference pattern visible in Fig. 4 (where w is larger than
in Fig. 2, and, therefore, the kink starts more tightly localized) is a
remnant of these Bessel oscillations.
An obvious application of this observation is the `collapse' of
the superposition of the broken-symmetry vacua after a phase
transition. For example, in the case of the quantum Ising model,
the ferromagnetic ground state is a superposition of j"  "i and
j#  #i. The total number of spins, N, in the Ising chain is the
size of the superposition (for example, j"  "iCj#  #i), but
this symmetric superposition will become a mixture of the two
obvious broken-symmetry states in a very short time, dec  1=N.
This is a simple and compelling explanation of the symmetry
breaking that occurs whenever a phase transition starting from a
symmetric vacuum takes place.
Theeffectivenessofdecoherenceinlocalizingtopologicaldefects
provides novel insights into the dynamics of symmetry breaking.
A phase transition leads to a single quasi-classical configuration
pockmarked with topological defects: decoherence is the final step
in this process. It leads to the `collapse of the wavepacket' that
initiallycontainsallthepossiblebroken-symmetryconfigurations.
In the end, only a simple quasi-classical configuration is
in evidence. This is essentially the same course of events that
takes place in quantum measurement20, where breaking of the
unitary symmetry allows for a `collapse of the wavepacket'. Recent
52 NATURE PHYSICS j VOL 8 j JANUARY 2012 j www.nature.com/naturephysics
© 2012 Macmillan Publishers Limited.  All rights reserved. 
 NATURE PHYSICS DOI:10.1038/NPHYS2156 LETTERS
p
n
 
×
 
1
0
2
p
n
 
×
 
1
0
2
p
n
 
×
 
1
0
2
p
n
 
×
 
1
0
2
gt = 660 gt = 660
gt = 3,280 gt = 3,280 gt
¬100 ¬50 0 50 100
¬100 ¬50 0 50 100
10
8
6
4
2
0
¬100 ¬50 0 50 100
n n
¬100 ¬50 0 50 100
n n
¬100 0 100 ¬100 0 100
nn
0
500
1,000
1,500
2,000
2,500
3,000
2.5
2.0
1.5
1.0
0.5
0
10
8
6
4
2
0
2.5
2.0
1.5
1.0
0.5
0
Figure 4jA single kink evolved on a ﬁnite lattice with and without decoherence. Left: Time evolution without decoherence on an LD201 site lattice with
2wD0:5g. The kink travels outwards on the lattice and after reﬂecting off the boundaries, it starts to interfere with itself. The leftmost panels show the self
interference at two particular times. Right: The same simulation except in the presence of weak decoherence (0 D3g10 6). The kink can still interfere
with itself, but eventually decoherence will suppress the superposition, attenuating the interference pattern. Supplementary Movies show the development
of this interference pattern for different values of w.
progress in emulating quantum Ising and other models2126 allows
one to hope that experimental tests of `Schrödinger kinks' may
become possible in the near future. Moreover, although models of
superfluids do not allow one to develop and analyse microscopic
quantum theories of double-slit experiments for the relevant
topological defects with the detail we have presented above for
kinks, experiments involving the generation and manipulation of
such defects in, for example, gaseous BoseEinstein condensates
allow one to hope that testing of `topological Schrödinger cats'
involvingvortexlinesorsolitonsmayalsobepossible.
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